Lymph nodes are an important part of the immune system. They filter the lymphatic fluid as it is transported from the tissues before being returned to the blood stream. The fluid flow through the nodes influences the behaviour of the immune cells that gather within the nodes and the structure of the node itself. Measuring the fluid flow in lymph nodes experimentally is challenging due to their small size and fragility. In this paper, we present high resolution X-ray computed tomography images of a murine lymph node. The impact of the resulting visualized structures on fluid transport are investigated using an image based model. The high contrast between different structures within the lymph node provided by phase contrast X-ray computed tomography reconstruction results in images that, when related to the permeability of the lymph node tissue, suggest an increased fluid velocity through the interstitial channels in the lymph node tissue. Fluid taking a direct path from the afferent to the efferent lymphatic vessel, through the centre of the node, moved faster than the fluid that flowed around the periphery of the lymph node. This is a possible mechanism for particles being moved into the cortex.
Introduction
Lymph nodes are a site for immune cell transfer between blood and lymphatic fluid, where antigen sensing and immune cell activation takes place.
Lymph nodes have been imaged using histology for many years [1, 2, 3, 4] .
However, histology can only ever give 2D structural information about this 3D 5 organ. Some of the structures identified within the lymph nodes are:
• a fibrous outer capsule encasing the whole node
• a low resistance pathway for fluid just under the capsule, known as the subcapsular sinus;
• an area of dense lymphoid tissue, called the cortex;
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• and the when the fluid leaves the cortex and subcapsular sinus, if it is not reabsorbed via the blood vessels, it enters the medullary sinuses before exiting the node through an efferent lymphatic vessel.
The structure of lymph nodes can be used to theorise on the behaviour of fluid flow through the nodes [5] . The fluid flow in lymph nodes has been shown to 15 affect the arrangement of the reticular cell network [6] and to influence the migration of immune cells [7, 8] . The fluid flow also determines the concentration of proteins in the lymphatic fluid [9, 10, 11] . Understanding the pathways of fluid flow through the nodes will contribute to our knowledge of immune cell migration, development of lymph node structures, protein transfer and cancer 20 metastasis [12] . Experimental investigations of fluid flow through lymph nodes is challenging due to the lymph node's small size and fragility. In this paper, we combine high resolution imaging with computational modelling to demonstrate how the internal structures within the node can influence the fluid flow pathways. 25 Mayer et al. [13] used selective plane illumination microscopy (SPIM) to visualise the high endothelial venules and dendritic cells in two lymph nodes in 3D. The SPIM images of these lymph nodes have also been used to create a finite element model of fluid flow through lymph nodes [14] . The model based on the SPIM images was used to estimate properties such as the permeability 30 of the node by fitting to experimental data and showed that the main pathway for fluid flow in the model was through the centre of the node. A limitation of using SPIM images is that fluorescent staining is required to enhance the image contrast of the structures within the node. One consequence of this is that the relation between the permeability of the lymph node tissue and the greyscale of 35 the image may be biased depending on the diffusion of the stain into the tissue.
For example, there could be more stain around the outer edges of the node than in the centre.
Other three-dimensional, non-destructive imaging methods exist that do not require soft tissue to be stained to generate image contrast, and thus overcome 40 the limitation of using SPIM images. Namely, high resolution X-ray computed tomography (CT) can be used to visualise the variable density of the lymph node internal tissue structure in 3D. The capability of synchrotron radiation CT has previously been used to generate 3D data sets of soft tissue for subsequent finite element modelling. This is demonstrated by Zeller-Plumhoff et al. [15, 16] in 45 the context of oxygen diffusion in murine muscle. High resolution CT can also enable the analysis of morphological measures in biological systems and their functional importance [16] .
In this paper, we use X-ray CT images with the finite element method to create an image based model of fluid flow through a lymph node. We are 50 utilising the relationship between image greyscale and tissue permeability to assess the importance of the structures observed using X-ray CT on lymphatic fluid flow. Two different methods of enhancing image contrast for soft tissue features are used in order to establish which method best enables visualisation of the features of interest. These methods are edge enhancement by direct 55 image reconstruction using the fast reconstruction algorithm Gridrec [17, 18] and phase retrieval with the Paganin single-distance non-iterative phase retrieval algorithm [19] and subsequent reconstruction with Gridrec. The outcome from the phase retrieval images produces results that are consistent with previous studies on the internal structure of the node [5] . The methodology presented in this paper can be generalised and used to assess differences between lymph nodes due to, for example, different stages of a disease.
Methods

Sample Preparation, Imaging and Reconstruction
All animal procedures were in accordance with the regulations of the United Kingdom Animals (Scientific Procedures) Act 1986 and were conducted under Home Office Licence number 70-6457. The study received institutional approval from the University of Southampton Biomedical Research Facility Research Ethics Committee. The mouse was maintained under controlled conditions and at 15 weeks of age, the mouse was sacrificed by cervical dislocation. A 70 mesenteric lymph node (≈ 1 x 1 x 2 mm 3 ) was dissected from a male C57BL/6 mouse, fixed in formalin, dehydrated in methylated spirit and embedded in paraffin wax. The lymph node was scanned at the beamline for Tomographic
Microscopy and Coherent radiology experiments (TOMCAT) at the Swiss Light Source, Villigen, Switzerland. The imaging was carried out using an energy of 75 14 keV, using a propagation distance between sample and detector of 60 mm.
The exposure time was 180 ms and 1601 projections were taken over 180
• (with additional 32 dark field and 160 flat field images). The resulting voxel size was (0.65 µm) 3 . The images were reconstructed using two methods, both in-house implementations at TOMCAT: the Gridrec algorithm [17, 18] and the Paganin scale. It is possible to distinguish structures that appear to be B cell follicles, lymphatic channels, the dense cortex and less dense paracortex, similar to those seen with histology, e.g. [3] . It should be noted that although structures can be The squares are all 0.13 mm 2 .
distinguished due to the contrast of the X-ray CT images, it would be necessary to correlate these images with histology to confirm the identity of these struc-
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tures. Histology was not undertaken as correlating the 2D histological sections to the 3D image stacks would have required an extra layer of techniques to be applied, trialled and calibrated, that are outside the scope of this paper.
Blood Vessel Segmentation and Construction
Only a proportion of blood vessels appeared visible in the X-ray CT recon-95 structions. Therefore a vascular tree was constructed computationally. The blood vessels that could be visualised were segmented manually using the magic wand tool on individual slices spaced 5-10 µm apart in Avizo Fire 9.0 (FEI, Hillsboro, OR, USA). Interpolation between the manually segmented slices was used to create continuous blood vessels. The blood vessels were constructed 100 computationally. The vessels that could be segmented out were used as inputs to the fractal L-system algorithm used to create the vascular network. Details of the L-system used can be found in Appendix A.
The tree was generated using a script in MATLAB and converted into an image stack using macros in Fiji image analysis software [20] . A new tree was µm. The value of L p for each model was calculated from the published value of L p × S for the WT node from [14] , where S is the blood vessel surface area, by dividing by the surface area for the created blood vessel trees. The models 120 with different branching structures were modelled with a constant permeability for the lymph node interstitial space. The value of L p for each tree can be seen in figure 2.
Image Processing
The X-ray CT scans of the node were processed as follows. The whole lymph binned to (1.3 µm) 3 to decrease the size of the image stack to an eighth of the original to reduce the computational resources required. A mask was created of the segmented node, i.e. a binary image that showed the lymph node geometry without the internal detail. The mask was used to remove everything outside of the node from the Gridrec image stack, so that the node was on a white back-135 ground, as shown in figure 1A and figure 1H . Each slice from Gridrec and phase SOL AB, Sweden). The mask of the computationally created blood vessels was subtracted from the mask of the segmented node, creating binary images that showed the blood vessels as holes within the mask of the node geometry. To 
Modelling of Fluid Flow Through the Lymph Node
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The modelling was carried out following the approach first introduced in
Cooper et al. [14] . Briefly, the fluid flow through the lymph node interstitium, Ω, is modelled using Darcy's law in combination with the fluid conservation equation,
where κ is the interstitial permeability defined using the image stacks,
where k 0 and k 1 relate the grey scales of the images and the permeability linearly. of the lymphatic fluid [21] and p is the fluid pressure in the node interstitium.
The boundary condition on the blood vessel surfaces was defined using Starling's principle,n and the value measured in the skin of mice ∆π ≈ 1500 Pa [23] . However, it was found that a higher value of ∆π did not give efferent flow rates that fit well with the experimental data [14] . Γ L b is the blood vessel boundary. In this paper we present two studies; firstly, a mesh density study to optimise the accuracy of the model result while reducing the computational resources required. For this study a cubic subsection of the lymph node is used to reduce the complexity of the model until the mesh parameters have been established.
Secondly, we present a study where the whole lymph node is modelled to investigate how the internal structure of the node affects the pathways of fluid through the node. One side of the cube, Λ 1 , has the boundary condition,
wheren 1 is the vector normal on the side of the cube pointing into the body of the cube, F 1 (kg/s) is the flow rate through this side of the cube and
is the area of Λ 1 . On the opposite side of the cube, Λ 2 the pressure is fixed,
where p 2 (Pa) is a fixed pressure value. A no-flux condition was applied to all other boundaries. These conditions are summarised in figure 3A. For the whole lymph node model the condition of afferent lymphatic boundary, Γ a , waŝ wheren a is the vector normal to the afferent lymphatic boundary, pointing into the lymph node, F a (kg/s) is the afferent flow rate and A a (m 2 ) is the area of the afferent lymphatic boundary. The pressure is fixed to p e on the efferent lymphatic boundary, Γ e ,
The whole node model is summarised in figure 3B . were evaluated from the two planes 130 µm apart through the wild type (WT) node model in Cooper et al. [14] .
Two parameters were defined: ∆y, which had a constant value of 2.25 µm 
Region Study of Selected Node Structures
A further study was conducted to investigate the effect of different structures within the node, such as lymphatic channels and varying density within the 
Whole Lymph Node Model
The whole node model was calculated using a constant value for the per- 
Results
Mesh Density Study
The results of the mesh density study are shown in 
Whole Lymph Node Model
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The whole node model was calculated using a constant value for the permeability for six model set-ups with different blood vessel geometries. Figure 6A, shows how that inlet pressure increased as the surface area of the blood vessels increased. As the surface area of the blood vessel network increases so does the volume. This reduces the cross-sectional area perpendicular to the flow, which 250 effectively increase the overall resistance of the lymph node and therefore increases the afferent pressure required to maintain the outlet flow rate. In figure   6B , the outlet flow rate is similar for all the blood vessel surface areas. The global value for L p is varied for each model so that all the models have the same outlet flow rate even through the surface area of the blood vessel network 255 changes.
To compare the differences between the constant and variable permeability models, the flux through a plane equidistant between the inlet and outlet was evaluated. Figure 7A shows that the model which used the image based permeability causes more flow around the outer sections of the node than the constant 
Discussion
In this paper a lymph node model has been created using high resolution phase contrast CT images to define the geometry and material properties. A mesh density study has been carried out and it was found that to model the 295 effect of the image based permeability on the flow, it was necessary to have a maximum mesh element edge length no larger than 9 µm. The minimum element edge length, 2.25 µm, was based on the diagonal length of a voxel after the original images had been binned. This implies that a mesh element edge length of 9 µm is sufficient to capture the effect of the variable permeability Compared to the results presented in [14] , which showed the SPIM image based model resulted in more flow through the centre of the node, the model 320 based on CT images shows that the structure of the node causes more flux through the outer section of the node. In the CT images, a lot more of the internal node structure is visible compared to the SPIM images, where only the stained areas had been visualised. Thus, the more detailed structure from the CT scans is likely to lead to more detailed results. However, the X-ray
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CT images are not able to visualise all the structures that would be expected within the lymph node, such as blood vessels, due to shrinkage of the sample during fixation and lack of contrast, which makes segmentation challenging. It is also not possible to identify relationships between structure and function in the lymph node using the CT images alone. Both the results presented here Recently, [24] used an idealised three dimensional geometry of a lymph node with one afferent and one efferent lymphatic vessel to quantify flow through lymph nodes and how it varied depending on the parameter values. The results
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from [24] show that varying the magnitude of the hydraulic conductivity of the tissue would effect the amount of flow around the periphery of the lymph node.
The hydraulic conductivity based on the images used in this study shows 30% more fluid flow travels around the periphery of the node compared to using a constant permeability. The image based model presented here could be used 345 to investigate this effect. [24] make assumptions about the geometry and fluid behaviour in their model, i.e. they created an idealised geometry that was informed by images, they did not use the images directly. The advantages of this is that it is not necessary to have a high resolution image of a lymph node and the geometry can be adapted to investigate the effect. The advantages of 350 the image based model presented in this paper are that assumptions about the geometry and material properties of the node do not have to be made as they are based on 3D image stacks and they are more detailed.
This paper has shown that a combination of imaging methods need to be utilised to gain a more complete picture of the internal lymph node geometry.
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X-ray CT can provide high resolution images of the variations in tissue density without the need for staining the tissue while SPIM can provide images of specific cell types that can be used to identify functional regions of the lymph node, such as blood vessels. The advantage of these two techniques is that they are non-destructive and so the same sample can be imaged by both methods. The 360 voxel size of the SPIM or confocal microscopy imaging need to be high enough to capture the smallest blood vessels, capillaries, which are approximately 5-10 µm in diameter. Therefore, to visualise the capillaries it will be necessary to have a minimum mesh element size that can capture this geometry and a maximum element size equivalent to the voxel size of the CT images. This information will 365 be useful for planning further imaging and modelling work. Combining SPIM with X-ray CT would allow a step change in our ability to model real biological geometries while also being able to utilise the information we gain about the material properties from imaging. In the future, it would also be useful to perform histology on the same lymph node to compare if the structures that Furthermore, the developed methods are not restricted to lymph nodes, but can be applied to any saturated porous material that can be imaged using CT.
This could be other biological tissues, e.g. lung tissue, capillary beds; soil, rock, Valverde et al. [29] .
For a fractal L-system implementation, rules are created to define the branching structure. Each character represents an instruction. Two rules are used to describe the blood vessel structure, one to describe the horizontal splitting and one to describe the vertical splitting. The first is
where the characters represent the following instructions: X and Y act as place holders, i.e. the respective rule can be substituted in to extend the sequence, If c 1 is less than zero, the intersection occurs before the start point and the new branch can be saved. However, if it is greater than zero, the dot product between the start and end points of branch i and between the intersection point and the end of branch i must also be found, i.e., 
